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We present calculations of the van der Waals (vdW) states of electronically excited benzene-Ar in 
which the coupling to the vibronic angular momentum of the excited 6 1 state of benzene is explicitly 
included. It is predicted, in particular, that the vibrational angular momentum of the degenerate 
(E i) vdW bending fundamental leads to parallel Coriolis coupling between two substates and 
consequently to a perturbed rotational structure of the corresponding parallel band in the UV 
spectrum. A detailed analysis of these bands in the UV spectra of C6H6-Ar and C6D 6-Ar is given 
and found to agree with the theory. This yields not only a set of accurate rotational and Coriolis 
coupling constants, but also an unambiguous assignment of all observed vdW transitions in the UV 
spectra of these complexes. The vibrational frequencies, the changes of rotational constants upon 
vdW excitation, and the intensities calculated with some of the available model potentials, and the 
isotopic shifts in these quantities are in good agreement with experiment. It is noteworthy that the 
Franck-Condon principle, which holds for the vibronic intensities in normal molecules, does not 
simply apply to the intermolecular vibrations in vdW complexes. The libration of the vibronic 
transition dipole moment of the monomer gives an additional source of intensity to the (non-totally 
symmetric) bending modes. This allows the hitherto doubted observation of the transition to the 
vdW bending fundamental. © 1996 American Institute of Physics. [S0021-9606(96)02101-6]
I. INTRODUCTION
A wealth of information has been gathered about mo­
lecular complexes in the last decade.1 There has been both 
the investigation of numerous different systems and the in- 
depth study of a few key prototypical ones. High resolution 
spectroscopy has contributed invaluable details to these stud­
ies as it is able to render precise values for some of the 
energy eigenvalues in the binding potential of the complex 
under consideration. In particular, UV spectroscopy allows 
the observation of van der Waals (vdW) vibronic bands; i.e., 
bands which correspond to the combination of intramolecu­
lar vibronic excitation and excitation of the intermolecular 
coordinates. The experimental determinations can in prin­
ciple be compared to data calculated from model potentials if 
the assignment of the observed spectra is unambiguous.
Unfortunately however, the assignment of experimen­
tally observed spectra is not straightforward in most cases, 
since only few bound states of the vdW system can be ob­
served and the energies of these bound states may be very 
irregular. For relatively simple systems such as Ar-HF2,3 a 
high degree of certainty and precision has been reached, 
while systems of an organic molecule bound to a rare gas 
atom or even to a second organic molecule are still less well 
understood. What should be of great help is the spectroscopic 
resolution of the rich rotational structure in each vdW vi­
bronic band and the proper analysis of these spectra. Rota­
tionally resolved UV spectra of a number of systems have
recently been reported.4“14 In particular, spectra of all the 
observable vdW bands of protonated and deuterated 
benzene-Ar in the vicinity of the 6¿ band have been pre­
sented in the preceding paper." The majority of the bands 
with a large number of resolved rovibronic lines were ana­
lyzed in detail. Only the lowest energy band in each isoto- 
pomer could not be explained within a simple model.
Benzene-Ar has been recognized as a key model system, 
since it can be studied spectroscopically in the microwave,15 
IR ,16 and UV (Refs. 10,11) spectral ranges by state of the art 
techniques and theoretically by ab initio potential 
calculations17 and three-dimensional calculations of the vdW 
states.18-21 In this paper we will show that the combination 
of theory and detailed spectroscopic analysis of the rotation­
ally resolved vdW bands leads to an unambiguous assign­
ment of the vdW modes of benzene-Ar. The lowest energy 
band is identified as the transition to the bending fundamen­
tal. The uniqueness of the assignment stems from the high 
symmetry in the system that is responsible for an unusually 
complicated spectrum, but once it is unraveled leads to an 
indisputable interpretation.
The assignment of the spectrum and the corresponding 
determination of the energies of the vdW levels provides a 
first large system example where secure comparison can be 
made between experimental observation and the results cal­
culated with various model potentials. This should be of 
great help for the ongoing discussion on the transferability of
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potential parameters to even more complex systems that 
might never be amenable to studies with the same spectro­
scopic precision. Beyond the comparison of vibrational fre­
quencies, we also report a comparison of the changes of the 
rotational constants that accompany the vdW excitations and 
we discuss the sources of intensity that lead to the observa­
tion of both bending and stretching fundamental bands. It is 
found, and quantitatively supported by the calculations, that 
the previously considered Franck-Condon principle is not a
sufficient explanation for the intensity of the observed bands. where V(d) is the Cartesian gradient operator,
+ ) n , Uj ij)
z ij
(1)
In addition, the analysis and calculations reported repre­
sent the first example of a thorough analysis of the excited 
electronic state of an organic molecule - rare gas atom com­
plex. It is shown that there is considerable coupling between 
the intramolecular and the intermolecular motion through 
Coriolis interactions. At the low excitation energy under con­
sideration this is not manifested by isolated perturbations or 
long range anharmonic resonances, but rather by a system­
atic and very characteristic change in the rotational structure.
We will begin the paper by a presentation of the formal­
ism needed to calculate the rovibronic eigenvalues of 
benzene-Ar and the intensities of the vdW vibronic transi­
tions (Sec. II). This will be followed by a report of the cal­
culated results in Sec. III. Section IV begins with the detailed 
analysis of the lowest energy vdW bands in both protonated 
and deuterated benzene-Ar whose rotational structure could 
previously not be assigned.11 The successful assignment 
leads immediately to the vibronic assignment of all the ob-
1= — ihdxV(d) is the relative angular momentum of the Ar
A  _  _
atom, n  is the vibrational angular momentum“' associated
A
with the normal coordinates Q , and J  is the overall angular 
momentum of the complex ( i=x,y,z). The quantity 
/a = m 1M /(m 1 +M) is the reduced mass of the complex 
(m, is the Ar mass, M the total mass of the molecule). The 
Hamiltonian has the Watson form,24 but, as derived by BvK, 
the inverse inertia tensor fxij = is the inverse inertia
tensor of the molecule which does not depend on the coor­
dinates d. Note that our formula is slightly different from the
A
Hamiltonian of BvK because their components of J  differ 
from ours by a minus sign. With our definition they satisfy 
the “anomalous” commutation relations
A  A  A
[7t ,7V] = — ih J ,, etc. (2)
A
which are standard for the components of J  with respect to a
9 S
BF frame. * BvK introduced the minus sign to restore “nor-
served bands. We close with the comparison between the mal” angular momentum commutation relations.
experimentally observed properties and the calculated ones 
(Sec. V). This includes the critical discussion of the various 
model potentials proposed for benzene-Ar and a discussion 
of the implications for other systems recently discussed in 
the literature.
II. THEORY
A. van der Waals vibrations coupled to the benzene 
61 state
A rovibrational Hamiltonian for atom-molecule com­
plexes, which is very convenient for benzene-Ar, has been 
derived by Brocks and Van Koeven (BvK).““ It is expressed 
in the following coordinates:
— the Euler angles a ,/3 and y that define the orientation 
of a body-fixed (BF) frame attached to the (vibrating) 
molecule by means of the Eckart conditions,23 but 
with its origin on the center of mass of the dimer,
— the normal coordinates Q = {Q„, ;m= 1, . . .  ,3/2 — 6} of 
the intramolecular vibrations (n is the number of at­
oms in the molecule),
— the Cartesian coordinates d={dx ,dv ,d:} of the Ar 
atom, relative to the BF frame on the molecule.
The Hamiltonian reads as follows
The next step taken by BvK is the adiabatic separation 
between the fast molecular vibrations, determined by the in­
tramolecular potential V{Q), and the slower vdW vibrations 
determined by the much weaker intermolecular potential 
V\nt(Q>d) = V(Q,d)- V(Q). Only the latter were in fact con­
sidered. The Hamiltonian (1) was averaged over a given vi­
brational state (v) of the molecule. The pure intramolecular 
terms; i.e., the second term in Eq. (1), the terms quadratic in
A
n  from the third term, the fourth— Watson—term, and the 
intramolecular potential V(Q)\ were omitted. Also the bilin­
ear coupling terms between the vibrational angular momen-
A  A  A
turn II and the other angular momenta / and J  were ignored,
99
because it could be shown that matrix elements of these 
terms vanish.
For degenerate molecular vibrations this is not necessar­
ily the case, however, and we shall retain these terms. Oth­
erwise, we follow the derivation of BvK. For a given, degen­
erate, molecular vibration (u) with components \p)v we 
obtain the effective Hamiltonian matrix for the vdW vibra­
tions and overall rotations
Hp'p = (p'\H\p)»
'V p
h
2/j,
V2(rf) + E  A J J ,- l ) 2+V{d)
I
2 2  /,•). (3)
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For the BF frame on the molecule we have now chosen a 
principal axes frame that diagonalizes the vibrationally aver­
aged inverse inertia tensor; (/?'\fjiij\p)v = Sp'pSjj2Aj. The 
Aj are the rotational constants of the molecule in the given 
vibrational state and (p'\V\nt(Q,d)\p)v= SplpV{d) is the ef­
fective intermolecular potential. It follows from group theo­
retical arguments that the rotational constants A-t and the po­
tential are diagonal in the components p' ,p of the degenerate 
molecular vibration and that their diagonal elements, labeled 
by different p, are equal. A more direct derivation of the 
Hamiltonian (3), without the Il-coupling terms, is given in 
Ref. 19. The effects of the Il-coupling are only qualitatively 
discussed in that paper, however. Here, we include these 
terms explicitly in the calculations.
In the present paper we consider only a single vibroni- 
cally excited state of the benzene monomer; the 6 1 state; i.e., 
the excited electronic singlet S j state with the v6 mode ex­
cited as well. The S{ state has Blu symmetry with respect to 
the permutation-inversion group PI(Dbh) of the benzene 
monomer, the v6 mode has E2s symmetry. The electronic 
and vibrational states of benzene may be characterized by 
Hougen’s quantum number.26 This quantum number g , 
which is defined modulo 6 and related to the angular mo­
mentum around the C6 axis, is 0 for A! and A2 states, ± 1 
for states of E j symmetry, ±2 for states of E2 symmetry, 
and 3 for Bl and B2 states. Hence, the electronic S, state has 
ge=3 and the v6 vibrational state corresponds to gv= ± 2. 
The twofold degenerate vibronic 6 1 state has E lu symmetry 
with respect to the group PI(Deh) of the benzene monomer 
and E] symmetry with respect to the group PI(C6u) of 
benzene-Ar,19 and it corresponds to the quantum number 
£ev“ £e+£v= — 1 (modulo 6). We label its two components
A
as |p) = £ ev) = |± 1). We associate the operator IL with the 
total vibronic angular momentum around the benzene C6 
axis. Hence, we take an effective two-state model for the 
intramolecular mode with only diagonal elements
( p 'm P) v = Sp'ngevCev f°r n. and all matrix elements of
A  ^  ^  ^
n v and n v equal to zero. This implies that of the last sum­
mation in Eq. (3) only the i = z term remains. The factor 
£ev accounts for the effective vibronic angular momentum of 
the molecule in its 6 1 state.
A theoretical justification for the introduction of such a 
factor is given in Ref. 19, where it was found that the effec­
tive angular momentum of the vdW bending vibrations in 
benzene-Ar differs from / by a factor £h . In other words, the 
effective l-J coupling for the different degenerate states that 
involve the bending contains a factor , which the calcula­
tions in Ref. 19 have shown to be ^0.21. This is due to the 
vibrational /-type coupling of a given degenerate state with 
other vdW vibrations. An experimental determination of £ev 
can be found in Ref. 27. The coupling constants 
¿'ev  ^” 0.58 in C6H6-Ar and ^  — 0.39 in C6D6-Ar for the 
n-y coupling in the 6 1 excited state were extracted from 
Coriolis splittings. In our two-state model we use these mea­
sured values of the coupling constant £ev in order to account 
for the /-type coupling with other vibronic states. We have 
assumed that these values of £ev also hold for the II-/ cou­
pling with the vdW vibrations, but this is irrelevant for the 
interpretation of the experimental spectra.10,11 The (J,K  in­
dependent) splitting of the vdW states by the II-/ coupling 
cannot be observed because of symmetry selection rules (see 
below). In conclusion, our two-state model for the coupling 
of the vdW vibrations and the rotations of benzene-Ar to the 
vibronic 6 1 state of the benzene monomer implies that we 
replace the last term in Eq. (3) by the effective coupling term
- 2Azi evgev(Jz- iz)Sptp with p = gev= + 1 and - 1.
The calculation of the vdW vibrations in benzene-Ar and 
of their coupling with the overall rotations is extensively 
described in Ref. 19. The Hamiltonian (3) fory = 0 and with­
out the n-dependent terms is diagonalized in a basis of prod­
ucts of harmonic oscillator functions in the coordinates 
dx, dy and dz which are centered at the equilibrium posi­
tion. Here, we use the same basis and the same intermolecu­
lar potentials. These potentials are the “global” and “Morse 
type” fits to an ab initio benzene-Ar potential. In addition 
we have performed calculations with the empirical model 
potential of Brupbacher et al.2I which these authors have ob­
tained from a fit to the ground state rotational spectrum.
The coupling with the rotations is included in Ref. 19 by 
first- and second-order perturbation theory for degenerate 
states, as well as by further variational calculations. The 
second-order contributions are summations over the com­
plete set of vdW vibrational states which diagonalize the 
Hamiltonian for J = 0, in the given basis. If one takes the 
rotational and Coriolis coupling terms into account by per­
turbation theory, one obtains Eqs. (17) and (19) in Ref. 19 for 
the rotational and Coriolis splittings of each vdW state. In 
the variational calculations the set of vdW states was trun­
cated and multiplied by the 2J+ 1 symmetric top functions 
for given y,M and K= — J, — J+ 1,. . . ,J. The complete 
Hamiltonian, including the y-dependent terms, was diagonal­
ized in this product basis. Here, we use essentially the same 
procedures. The coupling terms to be included are the fol­
lowing
(4)
with gev= — 1- The first term was considered already in Ref. 
19; the last term that describes the coupling with the vibronic 
angular momentum was discussed above. Perturbation theory 
simply leads to the following generalization of Eq. (17) in 
Ref. 19 for the rotational and Coriolis splittings of the vibra­
tional energy levels
2 A'7U n,±CJK'. (5)
Note that, from now on, we use primed symbols for all labels 
that refer to the excited 6 1 state. The (J ' ,K ' independent)
II-/ coupling is absorbed into the energy EN> of the vdW
vibrations. The rotational constants A(N ] d{N ],B of
benzene-Ar in its different vdW vibrational states (N') and 
the Coriolis coupling constant £N> are calculated as in Ref.
19.
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In the variational calculations we multiply the basis of 
vdW eigenstates | N'), calculated for J ' = 0, and 
symmetric top functions \J'K'M') = [(2J' + 1)/87t2]1/2
(J9 )
X D M,K,(a,(3, y)* for the overall rotations by the two com­
ponents |g'v) = |±l) of the two-state model for the 6 1 vi- 
bronic state of the benzene monomer. This doubles the di­
mension of the secular problem for each given 7'. The 
additional contribution to the matrix elements is very simple,
-A
however, since Jz is diagonal in the rotor basis, with eigen-
A
values K ' , and the matrix elements of L over the vdW states 
were calculated already in Ref. 19. The eigenstates of 6 1 
excited benzene-Ar from the variational calculations can be
written as
(6)
*tJ*K
The ground state wavefunctions calculated in Ref. 19 are
(7M) = 2  |0>|AOIJKM)cffl.
NK
(7)
B. Intensities of van der Waals - 6 J combination 
bands
The UV transitions which have been measured for 
benzene-Ar in Ref. 10 and in the accompanying paper11 are 
combinations of the strong vibronic 6 1«— 00 transition on the 
benzene monomer and the vdW transitions of the complex. 
The intensities of such transitions are proportional to the line 
strengths
2  \(6',i'J'M'\iim\00,0JM)\2,
M'mM
(8)
where /' labels the excited vdW states, and 7,M and 
J',M ' are the rotational quantum numbers of the ground and 
excited states. The dipole operator fx may be expressed with 
respect to the BF frame defined in Sec. II A
/¿m = 2  £m t(a ,/3 ,y )v r>  (9)
k
where are its spherical components with respect to the 
laboratory frame, /¿¡?F are the dipole components with re­
spect to the BF frame and a,/3, y are the Euler angles defined 
in Sec. II A or, more explicitly, in Ref. 19. The functions 
D\H are Wigner rotation functions.25 In the framework of the 
adiabatic separation between the fast vibronic motions (rep­
resented by Q in this paper) and the much slower vdW vi­
brations, one may first integrate the dipole in Eq. (9) over the 
vibronic coordinates (which are defined with respect to the 
BF frame).
The pure electronic S\+— SQ transition is forbidden, but 
the vibronic transition 6 1«— 00 has a strong transition dipole 
moment
Mou”  (^ÆevI/^lOo)-
l _ /  
e
BFl
(10)
Since the 6 1 excited state has EXu symmetry with respect to 
the PI(D6h) group of the benzene molecule, with the com-
ponents gev= ± 1, and the ground state has A lg symmetry, it 
was shown28 that in pure benzene only the perpendicular 
components, k = g'ev=± 1, or the Cartesian x,y components,
n  n
of the transition moment /m0l are non-vanishing. In 
benzene-Ar the vibrating Ar atom pushes itself into the
I
7r-electron clouds of the benzene molecule. This distorts the 
vibronic wavefunctions |00) and \6l) and, hence, the effec-
np
tive transition moment /¿q, (d) for the vdW transitions in 
principle depends on the relative coordinates d of the Ar 
atom. And, in particular, since it depends on the off-axis 
coordinates dx,dy, it will have parallel as well as perpen­
dicular components. This can be easily derived by making a
R P
Taylor expansion of j (d) in powers of dx,dY and dz.
The eigenstates from our variational calculations are 
given by Eqs. (6) and (7). From these eigenstates and Eqs. 
(9) and (10) for the vibronic transition dipole moment we 
can calculate the line strengths in Eq. (8) by the following 
formula
2  |2  2  2  {J’K’M ’\D[)l*\JKM)
M’mM o' K'kK N'Nôcv
X( ^ ,|a60u(^)|^)c f wk,CNK
ôev
= (27' + 1 )(27+ 1 ) | 2  2  2  (- D
K
q' K'kK N'Nôcv
I J '
X
1 J
\ K' k K ôev
(id
where the expression in round brackets is a 3-j symbol. 
Since N' and K' are nearly good quantum numbers which 
are perturbed only by the weak Coriolis interactions for 
J ’> 0, the coefficients of each eigenstate (/') in Eq. (6) are 
nearly zero except for one specific value of N' and one value 
of K '. The same holds for the ground state vdW vibrations 
(/) in Eq. (7) with respect to N and K. Thus, one may char­
acterize the vdW states by these approximate quantum num­
bers and recognize parallel transitions K' = K and k = 0, and 
perpendicular transitions K' = K± 1 and k=± 1.
Let us now discuss two possibilities. First, we consider 
the most general case where the transition dipole moment 
^ 0Br depends explicitly on the position vector d of the Ar 
atom relative to the benzene molecule. Then, this transition 
dipole will not only have perpendicular k=± 1 components 
as in the free benzene monomer, but through the benzene-Ar 
interaction it will also acquire a parallel k = 0 component. 
From the Ex symmetry of the 6 1 vibronic state in the 
PI(C6u) group of benzene-Ar it follows that the Taylor ex­
pansion of the parallel component of sym_ 
metry, contains terms linear in dx and dy . These induce tran­
sitions to the vdW states |N') of Ex symmetry. The 
expansions of the (E{) perpendicular (k=± 1) components 
of ju%\(d) contain a term linear in dz that causes transitions 
to vdW states of A j symmetry. This mechanism, which con­
tributes vibronic intensity to all the vdW transitions that are
J. Chem. Phys., Vol. 104, No. 3, 15 January 1996
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allowed in principle by the P/(C6y) group of benzene-Ar, is 
analogous to Herzberg-Teller coupling“ in normal mol­
ecules. And, since the pure electronic S\<— S0 transition is 
symmetry forbidden in benzene and the vibronic 6 1«— 00
xy-plane by definition. This frame is very convenient for 
handling the large amplitude vdW modes, but it does not 
minimize the Coriolis coupling. We find the same effect as 
Maxton et cil., but we obtain it from Coriolis mixing. If
transition already derives its intensity from first-order / '> 0 , we observe in Eq. (6) that the vdW states \N') which
Herzberg-Teller coupling, the mechanism which contributes 
vibronic intensity to the vdW transitions through the d de­
pendence of the transition dipole moment ¡x0! must be 
second-order Herzberg-Teller coupling.
n  p
The dependence of /bi0, on the Ar position may be weak. 
Therefore, we now discuss the second possibility; i.e., that 
this transition dipole is constant and equal to that of the free 
benzene monomer. Only its perpendicular components are 
non-zero. This situation is similar to the Franck-Condon
were calculated for J' = 0 are not just multiplied by the ro­
tational wavefunctions |J f K' M '), but also are mixed by Co­
riolis coupling. The states |AT) of a given P/(C6u) symme­
try are mixed with vdW states of different symmetry, 
because they combine with rotational states |J 'K 'M ')  which 
also have different symmetries for different values of K' (see 
Table II of Ref. 19). For example, the states \N’) of A\ 
symmetry with K' = ± 1 (E\ symmetry) in benzene-Ar mix 
with the K' = 0 component (with A, and A 2  symmetry for
(FC) approximation29 in normal molecules. If N' and N even and odd 7', respectively) of the bending vdW state of
would be exact quantum numbers; i.e., if the coefficients in 
Eqs. (6) and (7) for given states (/') and (/) are non-zero 
only for one value of N' and of N, the line strength in Eq. 
(11) becomes proportional to the square of the overlap inte­
gral (N'\N) between the vdW states of the ground S0 state 
and those of the 6 1 vibronically excited state. This FC over­
lap (N'\N) is non-vanishing only if the states |N) and |N') 
belong to the same irreducible representation of the symme­
try group of the system. Since the ground state has A , sym­
metry, it follows that only vdW states of A , symmetry may 
be excited. Thus, the consequence of the FC approximation 
would be the same as in normal molecules. The relative in­
tensity of the vdW transitions which accompany the mono­
mer vibronic transition is given by the factor |(/V'|0 )|2, 
where the ground vdW state |0) is calculated on the potential 
surface of the electronic ground state S0 and |N') is calcu­
lated on the S j excited potential surface. From group- 
theoretical arguments it follows further that the FC-allowed 
combination bands in benzene-Ar must originate from per­
pendicular transitions only, just as the 6]0 band in pure ben­
zene.
In a recent paper30 it is explained by Maxton et ai, how­
ever, that in atom-molecule complexes also vibronic transi­
tions which involve vdW states of different symmetries are
£ , symmetry, since the overall symmetry of all these states 
is E x. Similar Coriolis mixing between functions with dif­
ferent N and K occurs in the ground state wavefunctions of
nr
Eq. (7), for J>0. Even if the vibronic transition dipole julQ] 
is assumed to be constant and the states (/') and (/) are 
dominated by vdW states |N') and |N) of different symme­
try, the line strength in Eq. (11) may be nonzero, because the 
excited and ground state wavefunctions (/') and (/) will also 
contain basis functions |N') and \N) with the same symme­
try. The transition dipole between rotational functions with 
K' different from K is provided by the angular part of the 
dipole moment in Eq. (9); i.e., by the functions 
D{n]l(a,/3, y)* with k=±  1. It is by such Coriolis mixing 
that the bending fundamental in benzene-Ar becomes ob­
servable in combination with the vibronic 6q transition, even 
if it is assumed that the vibronic transition dipole moment 
yico, does not depend on the Ar position vector d. Since Co­
riolis mixing is explicitly included in our variational calcu­
lations, we can calculate the intensity of the vdW bending 
fundamental £|<—A , transition relative to that of the accom­
panying vibronic band while assuming that the vibronic tran­
sition dipole /Uq,f is the same as in the free benzene mono-
mer.
So, in summary, we see that in vdW molecules the ap-
allowed. even if the vibronic transition dipole moment does plication of the FC principle becomes less straightforward. 
not depend on the relative coordinates of the atom. Their
explanation of this phenomenon is based on the harmonic 
approximation for the vdW modes, and it uses a body-fixed 
frame which is fixed by the Eckart conditions for the dimer. 
An example is the vdW bending fundamental of E{ symme­
try in benzene-Ar which is analyzed in the present paper. 
According to Maxton et cil. its vibronic intensity is produced 
by the libration of the benzene monomer with respect to the 
Eckart frame, which accompanies the vdW bending mode. 
The (constant) perpendicular transition dipole moment on the 
benzene momomer is rotated by this libration and acquires a 
non-vanishing component parallel to the z-axis of the Eckart 
frame. Hence, it will give intensity to the vdW bending mode 
and yield an observable parallel band in the benzene-Ar UV 
spectrum.
In our calculations we use a different body-fixed frame, 
an Eckart frame on the benzene monomer, in which the vi-
Even if one makes the assumption that /Xq,f does not depend 
on the intermolecular interactions, one may obtain the result 
that the intermolecular modes of different symmetries are 
coupled. The explanation of this phenomenon is that in vdW 
molecules there are two types of vibrations. The transition 
dipole moment already involves the integration over the fast 
/rt/ramolecular vibrations. In the treatment of the intermo- 
lecular modes it may be assumed constant. Still, it will de­
pend on the intermolecular coordinates through the libration 
of the whole molecule. This will contribute vibronic intensity 
to the bending modes.
. CALCULATED RESULTS
The energies and amplitudes of the pure vdW vibrations 
in the benzene-Ar ground state were given already in Ref. 
19. Tables I and II in the present paper contain the same 
properties, combined with an analysis of the character of the
bronic transition dipole moment of this monomer stays in the eigenstates in terms of the three-dimensional harmonic basis
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TABLE I. Van der Waals vibrational energies and properties of C6H6-Ar calculated with the “global” potential 
(Ref. 17) for J — 0. Equilibrium distance Rt, = 3.560 A , well depth D(, = 393.44 cm-1. The root mean square 
displacements are defined as Adi = [{d2) — (di)2]ul.
Pf(C6v)
Band
origin
(cm-1)
<</>
(A)
Adx
(A)
A dv
(A)
A d.
(A)
<':> . 
m
Mode0
character
A i 0.00a 3.608 0.348 0.348 0.121 0.0 ground state
Ei 25.52 3.622 0.364 <-> 0.631 b 0.123 ±0.999997 b1
A i 37.51 3.655 0.515 0.515 0.179 0.0 i'(43%fo2)
E 2 49.12 3.632 0.662 ~  0.659 b 0.126 ± 1.999936 b2
A i 54.89 3.660 0.564 0.564 0.173 0.0 Z?2(48%.y)
£ i 58.27 3.654 0.493 <-> 0.855 b 0.168 ± 0.999945 s'b'
*> 70.72 3.637 0.799 0.799 0.130 0.0 b3
Bj 71.08 3.638 0.794 0.794 0.129 0.0 ¿7 3
71.20 3.686 0.687 0.687 0.212 0.0 s2(57%b2)
aD0= 342.47 cm*1.
bThese numbers are interchanged for the other substate in the degenerate pair.
csns and b"h indicate the excitation level in stretching and bending, as determined from the eigenvectors.
functions. We have also calculated the corresponding results 
for C6D6-Ar; these are given in Tables III and IV [the mass 
of C6D6 is 84.084 amu, the rotational constants are 
2AZ^ A  x= Ay = 0.157019 cm- 1 (Refs. 11,31.) It was already 
concluded in Ref. 19 that there is rather strong mixing be­
tween the fundamental stretching (s]) vibration of A ] sym­
metry and the A\ component of the bending overtone (b2). 
Such a strong Fermi resonance between modes with rather 
different frequencies is quite remarkable. It can be observed 
also in Figs. 1, 2 and 3, which show the wavefunctions of the 
s1 and b2 states. The nodal planes in the s] state and in the 
b~ state of A { symmetry are strongly curved, due to the 
mixing of these states. The latter wavefunction (Fig. 2) is 
very different from the wavefunction of the b2 state of E2 
symmetry (Fig. 3). The mixing is considerably stronger for 
the “global” potential than for the “Morse” potential. It was 
already explained in Ref. 19 that the latter includes the an- 
harmonicity of the potential only to a limited extent. For both 
potentials we observe that the mixing is even stronger in 
C6D6-Ar than it is in C6H6-Ar. This must be related to the 
frequency gap between the b2 mode and the s] mode, which
is smaller in C6D6-Ar than in C6H6-Ar. The isotope shift in 
the frequency of the bending mode is larger than for the 
stretching mode, because the relative change in the mol­
ecule’s rotational constants Ax and Ay between C6D6-Ar and 
C6H6-Ar is larger than the relative change in the reduced 
masses.
In Tables V and VI we have listed, for C6D6-Ar, the 
rotational and Coriolis splitting constants, calculated both 
perturbationally and variationally in the manner described in 
Ref. 19. The corresponding values for C6H6-Ar are given in 
Tables VI and VII of Ref. 19. In Sec. V the calculated 
changes in the rotational constants upon excitation to differ­
ent vdW states will be compared with the observed changes.
Let us now present some results which relate more ex­
plicitly to the vibronically excited state of the benzene-Ar 
complex that is accessed experimentally.10,11 We have as­
sumed in all our calculations that the intermolecular potential 
between Ar and 6 1 excited benzene is the same as the (ab 
initio calculated) ground state potential. In fact, the binding 
to the Ar atom causes a small red shift in the 6  ^ band of 
benzene ( ^ 2 1  cm- 1 ,32 while the vdW well depth is 400
TABLE II. Van der Waals vibrational energies and properties of C6H6-Ar calculated with the “Morse” potential 
(Ref. 17) for 7 = 0. Equilibrium distance Re = 3.553 A , well depth De = 425.00 cm-1.
PI(C6v)
Band
origin
(cm-1) (A)
A dx
(A)
A dv
(A)
A d.
(A)
</*>
w
Modec
character
A. 0.00a 3.594 0.320 0.320 0.121 0.0 ground state
Ei 30.17 3.605 0.321 0.557b 0.123 ± 1.0 bl
A i 41.03 3.651 0.385 0.385 0.197 0.0 s\\%%b2)
e 2 60.35 3.617 0.560 ~  0.560b 0.125 ±2.0 b2
A i 64.39 3.627 0.519 0.519 0.147 0.0 b2(22%s)
Ei 68.45 3.660 0.370 <-> 0.642b 0.194 ± 1.0 s'b'
A ! 79.35 3.710 0.451 0.451 0.254 0.0 s2(2\%b2)
B i 90.50 3.629 0.651 0.651 0.127 0.0 /?3
B t 90.50 3.629 0.651 0.651 0.127 0.0 b>
aD0 = 371.48 cm-1.
bThese numbers are interchanged for the other substate in the degenerate pair.
cs"s and b"b indicate the excitation level in stretching and bending, as determined from the eigenvectors.
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TABLE III. As Table I, for C6D6-Ar.
PI(C6v)
Band
origin
(cm-1)
<*>
(Â)
A dx
(A)
A dy
(A)
A d.
(A)
< 0
m
Mode
character
A I 0.00a 3.606 0.334 0.334 0.120 0.0 ground state
Ei 23.80 3.620 0.348 «-> 0.603 0.122 ±0.999998 b'
A i 36.77 3.650 0.513 0.513 0.172 0.0 s'(50%b2)
e2ém 45.93 3.630 0.631 «-> 0.628 0.124 ± 1.999951 b2
A, 52.02 3.661 0.516 0.516 0.176 0.0 b2(53%s)
Ei 56.03 3.650 0.481 «-> 0.833 0.162 ±0.999948 s'b'
Bi 66.31 3.636 0.761 0.761 0.127 0.0 b3
b2 66.60 3.637 0.757 0.757 0.127 0.0 Z?3
A i 69.24 3.673 0.707 0.707 0.196 0.0 s2(65%b2)
aD 0 = 344.73 cm-1.
cm-1). Also, the average benzene-Ar distance is slightly 
smaller for the 6 1 excited state (R = 3.523 A) than it is for 
the ground state (R = 3.582 A ).27 Both of these shifts indi­
cate that the excited state is more strongly bound, but only 
slightly. Further, there is a change in the rotational constants 
of C6H6 upon excitation (from 2Az^ A x = Ay = 0.189762 
cm- 1 to 0.181778 cm-1). In one of our calculations we have 
checked the effects of the latter change. The frequencies of 
the vdW vibrations change only slightly, however, and the 
character of all the modes remains practically the same. So, 
all we could hope for by repeating all the calculations with 
the rotational constants of excited C6H6, is somewhat better 
agreement between the calculated and the observed values of 
the rotational constants of the benzene-Ar complex. We are 
mainly interested in the changes of these constants, however, 
upon excitation of specific vdW modes. We expect that also 
the change in the potential upon vibronic excitation will just, 
and only slightly, affect the values of the vdW frequencies.
The most interesting effects upon 6 1 excitation of 
benzene-Ar are caused by the vibronic angular momentum of 
the degenerate 6 1 state. These effects are explicitly included 
in our variational results for 7 = 0 and 7 = 1 ,  which are 
given in Fig. 4. The coupling between the vibronic angular 
momentum gev and the angular momentum I of the degener­
ate vdW modes leads to a strong splitting of the latter, al­
ready for 7 = 0. When rotations are added ( 7 = 1 )  this leads
to further splittings, due to the Coriolis interactions with the 
vibronic and (in the case of degenerate vdW modes) also the 
vdW angular momenta.
Fig. 4 is very illustrative, since it is possible to read from 
this figure all the allowed perpendicular and parallel transi­
tions, starting from the ground state (with symmetry A j). 
The states in the middle column are the vdW states of the 
vibronic 6 1 excited state. Since the perpendicular (k=±  1 or 
x,y) components of the dipole moment /¿BF in Eq. (9) have 
£ , symmetry,19 it follows that only the states in the middle 
column with Ex symmetry can be excited by perpendicular 
transitions. By comparison with the leftmost column, it can 
be observed that the vdW states of A x and E2 symmetry lead 
to such transitions; only for the A j vdW states are these 
transitions strong. The states in the middle column with A , 
symmetry are accessible by parallel transitions, through the 
k = 0 or z component of /ulbf. Again by comparison with the 
leftmost column, it can be observed that only the vdW states 
of £[ symmetry may be excited by a parallel transition.
In the rightmost column it can be seen for 7' = 1 how 
the excited states are split by the rotations and by Coriolis 
couplings. The corresponding (7,AT dependent) splittings for 
the ground state can be read from Table VIII in Ref. 19. One 
may derive, for example, that the allowed 6 ]0b l0 transitions 
are split, for 7' = AT'= 1, by 0.300 cm-1 ^  4| £ 'v— (¡,\AZ • 
For the corresponding levels obtained from the global poten-
TABLE IV. As Table II, for C6D6-Ar.
PI(C6v)
Band
origin
(cm"1)
< o
(A)
*dx
(A)
A dv
(A)
A d.
(A)
<e>
(h)
Modec
character
A i 0.00a 3.593 0.308 0.308 0.119 0.0 ground state
E i 27.88 3.604 0.310 <-+ 0.536 0.121 ± 1.0
A i 40.51 3.647 0.380 0.380 0.193 0.0 s'(22%b2)
E2 55.74 3.614 0.539 ~  0.539 0.123 ±2.0 b2
A i 59.65 3.625 0.493 0.493 0.149 0.0 b2(25%s)
Ei 65.76 3.655 0.361 «-> 0.626 0.190 ± 1.0 s'b'
A i 78.32 3.703 0.454 0.454 0.248 0.0 s2(25%b2)
Bi 83.59 3.626 0.626 0.626 0.125 0.0 b3
B2ém 83.59 3.626 0.626 0.626 0.125 0.0 ¿ 3
aD0= 374.04 cm"1.
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FIG. 1. .v1 wavefunction (A , symmetry) for C 6H6-Ar, calculated with the 
‘global’ potential for 7 =  0 (coordinates in A , wavefunction in bohr_3/2).
FIG. 3. b2 wavefunction ( £ 2 symmetry) for C 6H6-Ar.
tial this splitting has the same value. (Remember that £ 'v was
taken to be —0.58 and that l'b was calculated as 0.21 in Ref. 3.523 A in the excited state. The harmonic oscillator basis, 
19). These observations are particularly relevant for the in- which was centered at Re, was now positioned either at the 
terpretation of the rotational structure of the observed11 vdW 
band at 31.2 cm-1, see Sec. IV.
In order to investigate whether the observed intensities 
of the FC allowed A { transitions obey the Franck-Condon 
rules (see Sec. II.B.), we have calculated the FC overlaps 
(TV' 10) between the ground state |0) and the excited vdW 
state |/V'). The latter state should be computed on the poten­
tial surface for the vibronic 6 1 excited state. Since we do not 
know this surface, however, we have assumed that it is the 
same as the ground state potential surface, but shifted by 
-0.060 A along the z-axis. This should account for the 
observed27 shift in R from 3.582 A in the ground state to
b 2 STATE o f  At SYMMETRY
4.0 -
CD
O 
c • — 
T>
3.8 -
o
o
u  3.6
N
3.4 -
- 0.6  - 0.2  0.2  0.6 
x - c o o r d in a te
FIG. 2. b 2 wavefunction (A\ symmetry) for C 6H6-Ar.
ground state minimum, or at the excited state minimum, or at 
the midpoint between these minima. Since the results are 
very well converged with respect to the size of this basis, the 
different choices of origin did not cause any noticeable dif­
ferences. The results, which will be discussed in Sec. V, are 
given in Table VII. They clearly confirm that the b2 mode of 
A j symmetry steals intensity from the s] mode by Fermi 
resonance, especially with the “global” potential. The obser­
vation that this resonance is even stronger in C6D6-Ar than it 
is in C6H6-Ar is confirmed, too.
Again making the assumption that the vibronic transition 
dipole moment ^  in benzene-Ar does not depend on the Ar 
position vector d and that its value is equal to that of the 
benzene monomer, we have also calculated the intensity of 
the 6l0b[0 vdW bending transition, relative to that of the 6¿ 
transition in the benzene monomer. The 6 l0blQ transition is a 
parallel transition and we have computed the intensity ratio 
of its (/ ' = 1,AT; = 0)<— (J = 0,K=0) component, relative to 
the (J' = l,Kf = ± 1)<— (7=0,AT=0) component of the 6l0 
perpendicular transition in benzene. The intensity ratio, 
which is given in Table VII without the rotational Honl- 
London factors,25 is obtained from the variational calcula­
tions described in Sec. II.A.. As explained in Sec. II.B., it 
follows directly from the Coriolis mixing in the excited 
6 lbl state with J ’ = 1 and K' = 0. The K quantum number is 
an approximate one and it is easily shown by the use of Eqs. 
(8) to (11) that the intensity ratio calculated with the assump­
tion of a constant transition dipole moment yLt01 = (6 1|^ t|00) 
is proportional to the weight of the basis functions 
6 1)|/V' = 0)|7' = \yK' = ± 1,M') mixed into the variational 
wave function of the excited 6 1/?1 state with J' = 1 and 
K' = 0 by Coriolis coupling. One has to take into account in 
deriving this result that the ground state is described by a
- 0.6  - 0.2  0.2  0.6 
x - c o o r d in a te
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single basis function \0q)\N = 0)\J = 0,K=0,M = 0), since 
there is no Coriolis mixing for 7 = 0.
f t
IV. ASSIGNMENT OF THE EXPERIMENTAL SPECTRA 
A. Rotational analysis of the bending fundamental 
bands in C6H6-Ar and C6D6-Ar
In the preceding paper11 the rotationally resolved spectra 
of three vdW bands of both C6H6-Ar and C6D6-Ar were 
presented. The two higher energy bands in each complex 
could be interpreted in detail as perpendicular vibronic tran­
sitions (rotational selection rule AA^=±1) with rotational 
and Coriolis coupling constants changed only slightly from 
the 6q band. This is due to the fact that in these bands a 
totally symmetric vdW vibration is excited in addition to the 
61 intramolecular vibronic state. In particular, the strongest 
bands at Sv=+40A cm-1 and +39.7 cm-1, respectively, 
can therefore be assigned as the 6 l0sl0 combination bands. 
The lowest energy bands (Sv=+ 31.2 cm-1 for C6H6-Ar 
and +29.1 cm-1 for C6D6-Ar), however, display a rotational 
structure that differs dramatically from anything that either a 
perpendicular or a parallel transition to an unperturbed state 
predicts.
The considerations outlined in Sec. II and discussed pre­
viously 19 show that the bands could well be due to the 
transition to the 6]b l combination state with total symmetry
A ,. This would result in a parallel band rotational structure 
with rotational selection rule AAT=0. Complications are ex­
pected due to the fact that the A j substate of the 61 b1 com­
bination state can couple to the 6 lb ] substate with total sym­
metry A 2 through parallel Coriolis coupling. The two 
substates should be nearly degenerate energetically and 
therefore a mixing of all but the K' = 0 rotational states with 
nearly equal admixture from the two contributing basis states 
and a splitting of 4A '|^V— C'b\K' should result [see Eq. (5) 
with £/v' =  £fc]. As a consequence, the energy formula in Eq.
(5) takes the form known from doubly degenerate vibronic E 
states split by first-order Coriolis interaction. These are 
known to participate in transitions with AAT=±1 from a 
nondegenerate ground state. However, in the present case the
rotational selection rule AAT=0 would still be valid and 
therefore a rotational structure distinctly different from that 
of a perpendicular band has to result.
For a prediction of the rotational structure of this per­
turbed band and therewith a starting point for the detailed 
assignment of the experimental spectra a good estimate has 
to be found for the value of £'cv— £'b. The calculations re­
ported in Secs. II and III provide such an estimate, but this 
may be compared with classical spectroscopic consider­
ations. The value of £ 'v is known to excellent precision from 
the analysis of the rotationally resolved spectra of the various 
vibronic bands of C6H6-Ar and C6D6-Ar discussed in the 
preceding paper.11 Only a very weak dependence of on 
the vdW modes excited in addition to the 6 1 state was found 
and we can therefore take the value of f 'v found from the 
analysis of the 6 l0 band as a good value for the prediction of 
the coupling term between the two substates of 61/?1.
To determine the value of , we use the well known 
sum rules for Coriolis coupling coefficients33 and the fact 
that the symmetry of the bending vdW mode is E ,. For 
benzene-Ar with symmetry PI(C(w) this sum rule tells us 
that
^  B'
2 j C (E i) = (number of atoms on axis) —2 + — y.
(12)
If we can determine the sum of the Coriolis coupling coeffi­
cients of all E j modes besides the bending mode, we can 
calculate £'b from this equation. Previous investigations have 
shown that the value of £' is nearly identical for benzene and 
benzene-Ar in all studied cases11,27; i.e., it is not changed by 
addition of the Ar atom. This is in agreement with the fact 
that a nonvanishing Coriolis coupling coefficient is only ex­
pected for in-plane vibrational motions and the out-of-plane 
Ar atom should not contribute. We therefore assume that the 
Coriolis coupling coefficient is not changed significantly for 
any of the E\ modes. With the number of atoms on axis 
equal to unity; i.e., the Ar atom, Eq. (12) then implies
TABLE V. Calculated rotational constants and Coriolis splitting parameters, see Eq. (17) of Ref. 19, for the vdW states of C6D6-Ar from the “global” 
potential (in cm-1).
PI(C6u)
Band
origin
(cm-1)
Perturbational Variational“
BW A (N) 2AtCN
B (N) ¿ (A 0
2 AzCn
A l 0 .0 0 0.03692 0.07851 0 0.03635 0.07917 0
Ex 23.80 0.03692 0.07851 0.03827 0.03568 0.07993 0.03723
A i 36.77 0.03643 0.07851 0 0.03520 0.07994 0
e 2 45.93 0.03657 0.07851 0.07832 0.03466 0.08076 0.07501
A i 52.02 0.03579 0.07851 0 0.03454 0.08002 0
Ei 56.03 0.04025 0.07851 0.03947 0.0375 0.0814 0.0376
Bi 66.31 0.04244 -0.68722 0 0.039 0.042 0
b2 66.60 0.04172 0.84424 0 0.038 0.122 0
A i 69.24 0.02317 0.07851 0 0.023 0.080 0
“Obtained by fitting Eq. (17) of Ref. 19 to the rovibrational levels calculated for 7 = 1 and 7 = 2; accuracy of the fit from ±0.0001 cm 1 for the lower to 
±0.002 cm-1 for the highest levels. The splittings not reflected by Eq. (17), see Ref. 19, are removed by taking average pair energies.
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TABLE VI. As Table V, for the “ Morse” potential.
P I{C 6o)
Band
origin
(cm -1)
Perturbational Variational1
Bm A<n>
2A zCn
A m
2 Azl N
A I 0.00 0.03710 0.07851 0 0.03661 0.07908 0
Ei 27.88 0.03704 0.07851 0.03818 0.03606 0.07965 0.03736
A i 40.51 0.03652 0.07851 0 0.03583 0.07931 0
E 2 55.74 0.03701 0.07851 0.07740 0.03553 0.08021 0.07494
A i 59.65 0.03678 0.07851 0 0.03553 0.07996 0
Ei 65.76 0.03657 0.07851 0.03795 0.03534 0.07994 0.03692
Ai 78.32 0.03598 0.07851 0 0.03506 0.07959 0
'Fitted as in Table V; accuracy of the fit ±0.00001 cm 1 for all levels.
-  1 +
I B'
\ 2 A '
benzene-Ar
2  i ' (E ,)=  2  C(E lg)
benzene-Ar benzene
+ 2  c'{e u,)+c i
benzene
(13)
The sum over all Et modes in benzene-Ar is split into the
4
sum over all E]g and EUl modes in benzene, since both the 
Elg and EUt symmetry species in PI(D6h) (for benzene)
VdW J  = 0 61 + VdW J ' =  0 6> + VdW J 1 = 1
Energy
, _ u  r n . '.n ,  irrep 
cm
Energy . 
(cm-1) 9"  + ‘ " " P
En«-gy . v, . 
(cm-') °~ + l - K  ' " 'P
0.00000 0,0,0 Ai 0.00000 ±1 Ei
0.02442 ±2 Ei
0.07769 ±1 Ei
0.24454 0,0 i4 i, i4j
30.17494 1, ±1,0 Ei
30.12927 ±3 Bi,Bj
30.06487 ±2 E7 30.14126 ±2 E,
\ 30.26946 ±1 
•  /  -----------------------------------
Ei
/ ^  30.26982 ±1 Ei
30.28500 0,0 Ai,Aj
V -
30.36138 0,0 j4j, Ai
30.56952 ±1 Ei
41.02985 0,0,1 Ai 41.02985 ±1 Ei
41.05367 ±2 Ei
41.10582 ±1 Ei
41.27379 0,0 Ai,Ai
60.34539 2, ±2,0 E7
60.12527 ±3 Bi ,B3
60.20037 ±3 B2,B i
60.23004 ±2 Ei
60.28988 ±2 E1
60.51000 0,0
60.56551 ±1 Ei 60.64062 ±1 Ei
• 60.89041 ±2 Ei
FIG. 4. Vibronic and ro-vibronic levels of C 6H6-Ar from variational calcu­
lations for 7 = 0  and 7= 1 , with the “ Morse” potential. Pure vdW modes 
(approximate quantum numbers nh ,/ for the bending and ns for the stretch­
ing) in the first column. Combinations with the benzene 6 1 vibronic state 
(angular quantum number g'cv, with £ ^ = —0.58) in the second column. 
Rotational levels including Coriolis coupling in the third column. The solid 
lines follow the principal vibrational/vibronic components. Dashed lines in­
dicate one-to-one mixing (leading to plus and minus combinations) of the 
E 2 and the A | ,A2 components.
reduce to Ex in PI(C6u) (for benzene-Ar). In addition, there 
is one extra vibrational mode of E\ symmetry in benzene-Ar, 
the bending vdW mode. The summation over all EXg modes 
in Eq. (13) is zero since these modes all have out-of-plane 
character and the Coriolis coupling coefficient for out-of- 
plane modes vanishes. For the determination of the sum over 
all Elu modes an equation analogous to Eq. (12) is used with 
A' replaced by C' for the oblate symmetric top benzene. The 
planarity of S] benzene34 causes 2 C '^B ' and it therefore 
follows that this sum is equal to — 1. In conclusion we obtain
B ' 
2Â7'
(14)
The reported values of the rotational constants of C6H6-Ar 
and C6D6-Ar" finally result in values for of 0.221 and 
0.250, respectively, and for £'b of —0.800 and 
-0.641.
In the calculations of Sec. Ill and Ref. 19 values of 
2Az£'h were determined for the various potentials under con-
TABLE VII. Measured and calculated intensities of vdW  transitions accom­
panying the vibronic ô i  transition, relative to the intensity of the latter. The 
experimental intensities are integrated over the bands in the low resolution 
spectra of Figs. 9 and 10. In the calculations it was assumed that the vi­
bronic transition dipole moment is constant and equal to that of the 
benzene monomer. For the states of A j symmetry the intensity ratios are 
given by the Franck-Condon factors (overlap squared). For the 6 [{)bQ bending 
transition the ( 7 '=  \ ,K ' =  0)<—(7 =  0 ,^  =  0) component is calculated, rela­
tive to the (7 ' =  \ ,K ' =  ± 1 )«— (J  = 0 ,K=0)  component of the 6'0 transition 
in benzene. The intensity ratio, without the Honl-London factors, is obtained 
from Coriolis mixing as described in the text.
Expt. “global” pot. “ Morse” pot. Brupbacher pot.
C 6H6-Ar
bo(Ei) 0.012 0.0113 0.0097 0.0087
s'oiAO 0.078 0.0355 0.0511 0.0505
b](A0 0.025 0.0252 0.0101 0.0084
*l(A i) < 0.001 0.000034 0.00015 0.000002
C c^- A r
b'0{E{) 0.013 0.0097 0.0084 0.0075
0.065 0.0317 0.0497 0.0503
b\(A, ) 0.028 0.0300 0.0124 0.0096
s l (A t) < 0.001 0.000040 0.00016 0.000031
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FIG. 5. Simulation of a parallel vibronic transition of C6H6-Ar. The rota­
tional constants determined from the analysis of the 6  ^ band were used for 
the calculation.
sideration using both the perturbational and variational ap­
proach. A value of ; i.e., the Coriolis coupling coefficient 
of the bending mode, can be determined from them. Using 
2A,=0.189762 c m '1 for C6H6-Ar and 2A. = 0.157019 
cm' 1 for C6D6-Ar we find that the resulting average values 
are 0.213 and 0.241 for C6H6-Ar and C6D6-Ar, respectively. 
The estimates derived from the Coriolis coefficient sum rules 
agree quite well with these values.
With both a reasonable model for the spectroscopic situ­
ation established and good estimates for the involved con­
stants determined, we were able to perform a first simulation. 
The result has to be compared to the regular parallel band 
rotational structure to understand the effect of the proposed 
Coriolis coupling between the A , and A2 components of the 
61 ¿71 state. A calculation of a regular parallel band of 
C6H6-Ar is shown in Fig. 5. The red shaded Q branch in the 
vicinity of Av=0 GHz consists of unresolved subbranches 
with constant K' = K. This is due to the fact that AB is 
nearly zero for C6H6-Ar and A A is slightly negative. At 
higher energies the well resolved R branch (A i=  + 1) is
FIG. 6. Simulation of a parallel vibronic transition of C6H6-Ar with parallel 
Coriolis coupling to a second state that carries no oscillator strength. The P, 
Q and R branches are shown separately in the lower, middle and upper trace 
for clarity. Particularly in the Q branch the splitting proportional to K is 
clearly observable. For explanation see text.
found and to lower energies the P branch (AJ= — 1). The 
spectrum does not at all reproduce the experimental spec­
trum found at 8v= +31.2 cm- 1 (see Fig. 7 of the preceding 
paper11 and the upper part of Fig. 7).
The Coriolis coupling causes a splitting of all lines ex­
cept those with K= 0 [compare Eq. (5)]. This is seen in Fig.
6 where the result of the model calculation is shown. For 
clarity the P, R and Q branches are displayed separately, 
with the same vertical scaling. Particularly in the Q branch it 
can be seen very easily that each subbranch of lines with 
constant K is split into two parts separated by an amount 
proportional to K. A subbranch with K=0 does not exist in 
the Q branch since transitions with AAr = 0 and A" = 0 have 
vanishing intensity. The P and R branches are also dispersed 
over a wider spectral range due to the Coriolis coupling. As 
a result the clean separation of the branches found in the 
regular spectrum is lost and the dense line structure found in 
the middle of the experimental spectrum results.
TABLE VIII. Spectroscopic constants fitted to the various vibronic bands of C6H6-Ar. vQ is the band origin,
A(N 1 and fi,A } are the rotational constants, and £' = £'v— £N, is the Coriolis coupling constant for the degen­
erate vibronic state, n refers to the number of assigned lines used in the fit with a mean residual deviation a of 
the transitions. Sv is the shift of the combination bands from the 6(j band. The numbers given in parentheses are 
the standard errors of the constants in units of the last digit quoted.
6i 6(3^ 0
/r 1 1
6 o^ o 6 lb\
IEo 38585.071 38616.235 38625.173 38647.953
Sv (cm ’ ) 0.000 31.164 40.102 62.882
(c m '1) 0.090862(3) 0.091601(16) 0.091203(4) 0.092211(8)
B(N'] (cm-1) 0.040090(1) 0.039221(3) 0.039149(2) 0.038332(4)
e -0.5869(1) -0.7984(2) b -0.5849(1) -0.5734(2)
n 224 75 136 107
a (MHz) 28.1 19.3 23.7 28.5
“Average value for the A, and the A2 substate.
bThe Coriolis coupling matrix element 2A.|£'| = 0.146270 cm-1 between the A , and the A2 component of the 
6 lbl vibronic state was determined in the fit and the value of C' shown in this table calculated from it. 
Simultaneously it was determined that the A, substate is located 0.01757 cm-1 lower than the A2 substate.
R - branch
parallel transition 
+ parallel Coriolis coupling
Q - branch
P - branch
-40 -20 o 20 Av [GHz]
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^6^6 * Ar 6q bg
FIG. 7. Comparison between the rotationally resolved experimental recording of the 6{0bl0 band of C6H6-Ar at 
8v= +31.2 cm“ 1 and the simulation using the spectroscopic constants fitted to the observed line positions. For 
the calculation a parallel transition was assumed to a light vibronic state of A , symmetry that is coupled by 
parallel Coriolis coupling to a nearly degenerate dark state of A2 symmetry.
Correct addition of the three contributing branches to a 
complete simulated spectrum results in a very good qualita­
tive agreement with the experimental spectrum. This made 
the assignment of a large number of unblended lines pos­
sible. A fit of the spectroscopic constants to this first set of 
assigned lines allowed the calculation of an improved simu­
lation that was then used as a guide for the final assignment 
of the spectrum. In total 75 unblended lines were found and 
used for the final determination of the constants. The rela­
tively low number of unblended lines is due to the pile up of 
individual transitions particularly in the low energy part of 
the P branch. The spectroscopic constants are reported in 
Table VIII together with the constants found for the other 
bands of C6H6-Ar already analyzed in the preceding paper.11
It is interesting to note that the mean residual deviation cr of 
the fit is the least for the band at Sv= + 31.2 cm-1 despite 
the complicated spectroscopic situation and the fact that this 
band is the weakest of all analyzed ones. The mean deviation 
is nearly a factor of seven less than the line width of 130 
MHz of individual transitions and results in a nearly perfect 
match between the experimental spectrum and the simulation 
using the fitted spectroscopic constants (see Fig. 7). The only 
significant deviation is found for the low energy component 
with K = 4 of the Q subbranch around —19 GHz and is 
thought to be due to an isolated perturbation; i.e., selective 
weak coupling to background states. The high precision of 
the fit and the agreement between experimentally observed 
and simulated spectrum is clear proof that the vibronic band
TABLE IX. Spectroscopic constants fitted to the various vibronic bands of C6D6-Ar. For an explanation of the 
various symbols see Table VIII.
6o 60^ o
A 1 J
M o 6X
v0{cm ’) 38765.164 38794.282 38804.837 38824.282
8v (cm“ 1) 0.000 29.118 39.673 59.118
AiN } (cm-1) 0.075440(5) 0.075956(15) 0.076096(72) 0.076420(13)
B{N>) (cm-1) 0.037710(2) 0.036979(3) 0.036333(19) 0.036271 (4)
C -0.3955(2) -0.6367(2) b -0.4088(17) -0.3894(4)
n 117 90 82 92
a (MHz) 20.7 20.6 96.6 27.6
“Average value for the A\ and the A2 substate.
^The Coriolis coupling matrix element 2A.|£'| = 0.096718 cm-1 between the A, and the A2 component of the 
6 ]b' vibronic state was determined in the fit and the value of £' shown in this table calculated from it. 
Simultaneously it was determined that the A\ substate is located 0.02922 cm-1 higher than the A2 substate.
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experimental
calculation
FIG. 8. Comparison between the rotationally resolved experimental recording of the 6 q band of C6D6-Ar at 
8v=  + 29.1 cm 1 and the simulation using the spectroscopic constants litted to the observed line positions. For 
the calculation a parallel transition was assumed to a light vibronic state of A , symmetry that is coupled by 
parallel Coriolis coupling to a nearly degenerate dark stale of A 2 symmetry.
of C6H6-Ar at 8v— +31.2 cm-1 is indeed due to a parallel 
transition to a pair of A { and A2 states coupled by parallel 
Coriolis coupling.
During the assignment of the experimental spectrum a 
number of lines in the P and R branches with K = 0 could be 
uniquely identified. This is quite helpful since they represent 
the only unperturbed lines in the spectrum. They originate 
solely from transitions to the optically active 6 1Z?1 substate 
with A i symmetry, as K = 0 states cannot be perturbed by 
parallel Coriolis coupling. Inclusion of the appropriate line 
positions allowed us to unambiguously determine the split­
ting between the two coupled substates. The A | substate is 
found to be located lower than the A2 one by 0.01757 
cm-1. If this splitting is constrained to zero in the fit, the 
mean residual deviation increases from 19.3 MHz to 82.9 
MHz. Even the attempt to explain the observed line positions 
with a slight difference in rotational constants of the sub­
states does not produce a good fit for zero splitting. Once the 
splitting is determined, freeing the difference in rotational 
constants does not further improve the fit. We therefore can­
not determine such differences and we assume that they are 
negligible.
The analysis of the 8v=+29.\ cm" 1 band of C6D6-Ar 
proceeded along the same lines and the model of a transition 
to a pair of Coriolis coupled upper states proved again most 
successful. A total of 90 unblended lines could be assigned 
and the spectroscopic constants were fitted to the observed 
line positions with an extremely small mean residual devia­
tion. They are reported in Table IX together with the previ­
ously determined constants of other bands of C6D6-Ar. There
is again a small splitting between the A j and the A2 substates 
of the 6 lb l vibronic state, with the substate located 
higher by 0.02922 cm-1. The excellent reproduction of the 
experimental spectrum by the simulation performed with the 
fitted constants is demonstrated in Fig. 8, where the two
FIG. 9. Low resolution intermediate state spectrum in the region of the 6(') 
band of the C6H6-Ar cluster for two laser intensities, monitored by the ion 
current at the C6H6-Ar mass (118 amu). The three bands at Sv=+  31.2, 
40.1 and 62.9 cm “ 1 are due to the excitation of vdW  modes in the 
C 6H6-Ar dimer in addition to the fundamental excitation in the benzene part 
of the cluster. The assignments derived in this work are shown at the top of 
the figure.
38580 38600 38620 38640 v
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T--1--1--1--1--1--i--1--1--1--1--1--1--1--1-1--1--1--1--r
38760 38780 38800 38820 v [cm-1]
TABLE X. Comparison between experimentally determined and calculated 
frequencies (in cm -1) for the observed vdW states of 6 1 benzene-Ar.
FIG. 10. Low resolution intermediate state spectrum in the region of the 
6(l) band of the C 6D 6-Ar cluster for two laser intensities, monitored by the 
ion current at the C 6D 6-Ar mass (124 amu). The three bands at 
8v=  +29.1, 39.7 and 59.1 cm " 1 are due to the excitation of vdW  modes in 
the C 6H6-Ar dimer in addition to the fundamental excitation in the benzene 
part of the cluster. The assignments derived in this work are shown at the top 
of the figure.
Expt.a
Brocks 
et al.b
“ global”
pot.c
“Morse”
pot.d
Brupbacher
pot.e
D„ ( c m '1) 352.54 393.44 425.00 408
f i ,  (Â) 3.494 3.560 3.553 3.503
C 6H6-Ar
* ' ( £ , ) 31.16 21.37 25.52 30.17 33.05
i '0 4 , ) 40.10 32.29 37.51 41.03 39.57
fo204 ,) 62.88 47.78 54.89 64.39 66.38
C^Dö-Ar
29.12 23.80 27.88 30.87
39.67 36.77 40.51 39.22
b\ A ,) 59.12 52.02 59.65 62.46
Experimental, this work.
Calculated with an empirical atom-atom potential in Ref. 18. 
cCalculated with the ‘global’ potential in this work and Ref. 19. 
Calculated with the ‘Morse type’ potential in this work and Ref. 19. 
eCalculated with the empirical potential of Brupbacher et al. (Ref. 21).
spectra are compared.
In the fit of the spectroscopic constants the Coriolis cou-
understanding of the rotational structure of the 6 {0b]0 bands 
leads to an unambiguous determination of the vibronic iden­
tity of all the observed bands. Thus, the same spectroscopic
pling matrix element 2A:\C\ was determined and complexity that made the rotational analysis quite intricate
\£' I= I £év— £’b\ was calculated from this value. The experi­
mentally determined value of |£év — £¿>1 — 0.7984 for 
C6H6-Ar compares well with the predicted value of 0.800. 
For C6D6-Ar the experimental value of 0.6367 is very close 
to the predicted value of 0.641. This agreement within about 
1% confirms that the equivalence between the Coriolis cou­
pling coefficients of benzene and benzene-Ar assumed above 
is indeed reasonable. It can also be concluded that the rota­
tional spectroscopy of at least the low lying vdW states of 
benzene-Ar is well described by the models developed for 
normal molecules.
B. Vibronic analysis of all observed van der Waals 
bands
The successful interpretation of the rotationally resolved 
spectra of the lowest energy vdW bands in both C6H6-Ar and
C6D6-Ar as transitions to Coriolis coupled pairs of states
0 ^
with symmetry Ax and Â2 unambiguously determines the 
vibronic identity of the upper states of these bands as 6[b] 
states. The strong band in C6H6-Ar (C6D6-Ar) at 
Sv- +40.1 cm-1 (39.7 cm-1) is the 6 l0sl0 band as discussed 
in the preceding paper.11 Finally, with the lowest energy band 
assigned as the bending fundamental, there is no doubt that 
the highest energy band observed at Sv— +62.9 cm- 1 (59.1 
) has to be the transition to the A x component of the 
bending overtone b2\ i.e., the 6(^0 band. This is consistent 
with the perpendicular band rotational structure analyzed in 
the preceding paper11 and the intensity considerations dis­
cussed below. All assignments are indicated in Figs. 9 and 10 
which show overview spectra of C6H6-Ar and C6D6-Ar in 
the vicinity of the 6[0 band and the vdW bands. The detailed
also allows for a precise proof of the assignments.
cm - 1
V. DISCUSSION AND CONCLUSIONS
A. Comparison of van der Waals vibrational 
frequencies
The unambiguous assignment of the experimental spec­
trum and the resulting determination of the vdW vibrational 
frequencies allow us to compare these measured values to 
the levels calculated from the various model potentials. For 
easier comparison all values of interest are summarized in 
Table X. The frequencies derived from an earlier empirical 
atom-atom potential35 by Brocks et ¿z/.18 are much lower than 
the experimental values and we can therefore conclude right 
away that this atom-atom potential 35 does not give an accu­
rate description of the benzene-Ar binding. Also the frequen- 
cies derived from the “global” fit to the ab initio potential 
are substantially lower than the measured values. The local 
“Morse” fit to the same ab initio potential 17 and the empiri­
cal potential reported by Brupbacher et al.2{ however, repro­
duce the experimental frequencies rather well. This is true 
despite the fact that both potentials were determined for the 
electronic ground state and our data correspond to the elec­
tronically excited S j state. Since the vdW binding energy is 
believed to be of the order of 400 cm- 1 for the So state and 
larger by only 21 cm-1 for the Sy state, we can conclude 
from the good agreement that also the shape of the potential 
for the Si state in the region of the vdW well is similar to 
that of the S0 state.
A quantitative check of this conjecture is made possible 
by the recent observation of Raman spectra of the bending
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TABLE XI. Changes in rotational constants (relative to the 6 1 state) for various vdW states in C6H6-Ar and
C6D6-Ar.
Experimental “Morse” variational” 3 Brupbacher el al.b
SA SB SA SB SA SB
C6H6-Ar
t
/;'(£,)
j'CAi) 
b\A,)
C^Dg-Ar
+ 0.000739 
+ 0.000341 
+ 0.001349
-0.000869
-0.000941
-0.001758
+ 0.00075 
+ 0.00026 
+ 0.00120
- 0.00065 
-0.00086 
-0.00130
+ 0.00079 
+ 0.00030 
+ 0.00146
- 0.00095
- 0.00095
- 0.00200
* ' ( £ , )
s'(A{)
b\A,)
+ 0.000516 
+ 0.000656 
+ 0.000980
-0.000731
-0.001377
-0.001439
+ 0.00057 
+ 0.00023 
+ 0.00088
-0.00055
-0.00078
-0.00108
+ 0.00058 
+ 0.00025 
+ 0.00106
-0.00078 
- 0.00086 
-0.00157
“Calculated by the variational method with the “ Morse type’' potential, cf. Table VI. 
Calculated by the variational method with the potential of Ref. 21.
fundamentals in C6H6-Ar and C6D6-Ar.36 The observed fre­
quencies of 33.4 cm-1 and 30.5 cm-1, respectively, are 
slightly higher than the values determined in this work for 
the S i state. Although this shift is indeed small, the fact that 
the bending frequency is lower in the S j state seems to be in 
contrast to the increase in bond strength deduced from the 21 
cm-1 red shift of the complex 6]0 band relative to the same 
band in the benzene monomer. Apparently, the deepening of 
the minimum in the intermolecular potential surface does not 
exclude that its curvature in the x,y bending directions is 
slightly smaller.
For both the “Morse” and Brupbacher potentials the 
three-dimensional calculations show a considerable mixing 
of the stretching fundamental and the bending overtone, al­
though not as strong as for the “global” potential. If this 
Fermi resonance were not included; i.e., if a classical normal 
mode description would be used, a substantial discrepancy 
between the observed vdW frequencies and the calculated 
ones would result. We can conclude that to very high likeli­
hood a normal mode analysis of vdW spectra leads at best to 
fortuitous agreement of the frequencies but to an erroneous 
description of the mode character of the excited states. In 
view of this idea it will be most interesting to see full three- 
dimensional calculations for the system 
/7-difluorobenzene-Ar for which the hitherto largest number 
of excited vdW states was observed.12-14
From the experimentally observed frequencies the fol­
lowing trends upon deuteration are seen. The stretching fun­
damental frequency decreases only by about 1%, in good 
agreement with the notion of a simple stretching motion. In 
contrast, both the bending fundamental and the bending 
overtone frequencies decrease by about 7%. This is caused 
by the dominant librational character of the bending motion, 
which makes the bending frequency depend on the rotational 
constants of the benzene molecule. All these isotope shifts 
are nicely predicted by the calculations. Also the complex 
rotational structure of the (parallel) band that is now assigned 
to the bending fundamental is fully explained by the calcu­
lations. It is caused by the strong Coriolis coupling between
the vibronic angular momentum associated with the excited 
benzene 6 1 state, the vibrational angular momentum of the 
vdW bending mode, and overall rotation. In the rotationally 
resolved spectrum of the 6 band a large splitting of the 
individual rovibronic lines results, which is due to parallel 
Coriolis coupling between the A j and A2 substates.
Last but not least our experimental results support the 
often used assumption that the vdW vibrational frequencies 
are not seriously influenced by direct coupling to the various 
intramolecular vibrational levels. The A j and the A2 compo­
nent of the 61b1 state can be influenced by different back­
ground states and most likely strong coupling would lead to 
a sizeable splitting between these two substates. What we 
find is a splitting of only 0.02 and 0.03 cm- 1 in C6H6-Ar and 
C6D6-Ar, respectively. This splitting is not given by the cal­
culations because we have neglected the coupling to the 
other vibronic states of the molecule. The splitting should 
occur through the coupling terms with TLX and n v in the 
Hamiltonian of Eqs. (1) and (3), but we had to neglect these 
terms because of the lack of knowledge about them. From 
the small A l—A2 splittings observed we may conclude that 
the shifts of the individual vdW levels due to the coupling 
with the vibronic states of the molecule are not larger than a 
few tenths of a wave number.
B. Dependence of the rotational constants on the van 
der Waals excitations
The frequencies of the vdW states discussed above are 
the most prominent properties originating from the binding 
potential between the benzene molecule and the Ar atom. It 
is also the only data that can be derived from the conven­
tional UV spectra without rotational resolution. In the 
present work, however, we also have been able to extract the 
rotational constants for each observed vdW state. We will 
now proceed to use this very detailed information to further 
check the quality of the various model potentials.
The absolute values of the rotational constants calculated 
depend strongly and directly on the chosen geometry of the
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benzene molecule and the vdW bond distance Rc, of the po­
tential. The changes upon excitation on the other hand de­
pend only weakly on these assumptions and are mainly de­
termined by the spatial extension of the vibrational 
wavefunction. This is due to the fact that the rotational con­
stants are proportional to the inverse inertia tensor after ap­
propriate averaging over the vibrational motion. As a conse­
quence we can use the changes in the rotational constants as 
a very sensitive signature for the detailed form of the wave- 
functions.
We have calculated the differences SA and SB of the 
rotational constants between each excited vdW state and the 
6 1 reference state from the experimentally determined val­
ues. In Table XI these are compared with the corresponding 
values calculated from the “Morse” and Brupbacher poten­
tials. In all cases SA is found to be positive and this can be 
associated with the librational contribution to each vdW state 
that will reduce the effective inertial moment around the 
symmetry axis of the complex. SB is negative in all cases 
corresponding to the increase of (dz) upon vdW excitation;
i.e., an increase in the effective bond length (compare Tables 
I-IV), and therefore a decrease of the B rotational constant 
that corresponds to the end-over-end motion. These interpre­
tations hold not only qualitatively but also semi- 
quantitatively. The value of SA is much larger for bending 
excitation than it is for stretching excitation. The only devia­
tion is found for the s] state in C6D6-Ar and this will be 
discussed in some detail below. For the values of SB the 
situation is not quite as simple, as changes in (dz) are ac­
companied by sizable changes in Adz and these interact in a 
complicated fashion.
For the comparison between experimentally determined 
changes in the rotational constants and the calculated ones 
we have to use the results of the variational calculations. It is 
immediately seen by inspection of Tables V and VI that the 
perturbation calculations do not predict any change in the A 
constant. The variational results include the effects of the 
important Coriolis contributions. Table XI shows that for 
both potentials that are able to predict the vibrational fre­
quencies correctly we also find excellent agreement for the 
changes in the rotational constants. The agreement is best (to 
within about 10%) for the Brupbacher potential. This is not 
surprising in view of the fact that this potential was fitted to 
rotational line positions found in the microwave spectrum.
The strong deviations in the changes of the rotational 
constants found for the sl state of C6D6-Ar can be easily 
understood if we keep in mind that the effective rotational 
constants determined for the 6 ,s l state are strongly influ­
enced by the perturbations found in the spectrum of the 
6l0sl0 band (compare the discussion in the preceding paper11). 
In Tables VIII and IX we have included the standard errors 
for the various constants and it can be seen that these are 
nearly an order of magnitude larger for the 6l0sl0 band of 
C6D6-Ar than for any other band. The mean residual devia­
tion cr of the transitions in this band is also larger by a factor 
of 5, despite the relatively small number of lines that could 
be assigned. The reported constants are therefore to be used 
only with great caution. The calculations obviously do not
include the underlying perturbation and we therefore have to 
omit the data of this band from the above discussion.
C. Intensities of the vdW bands
The last important information contained in the experi­
mental spectra are the intensities of the various bands. Tra­
ditionally, the UV intensity of vdW bands in organic mol­
ecule complexes is thought to stem exclusively from Franck- 
Condon activity. This immediately implies that only the 
totally symmetric vdW states or the even overtones of non- 
totally symmetric ones can be observed. As a consequence 
the bending fundamental transition was not considered to be 
observable in symmetric complexes. The detailed spectro­
scopic analysis presented in Sec. IV.A., however, proves this 
to be wrong. A possible explanation of vibronic activity in 
the bending mode was recently discussed by Maxton et al..30 
Our detailed calculations presented in Secs. II.B. and III give 
quantitative estimates for the intensity of the 6¿/?¿ bands, 
under the assumption that the 6¿ transition dipole moment in 
the complex is the same as in the pure benzene molecule. In 
addition, the intensity of the transitions to the totally sym­
metric vdW states was calculated in the Franck-Condon 
framework.
For easy comparison both the experimentally determined 
band intensities and the calculated ones are compiled in 
Table VII. Because of the wide dynamic range which is 
needed, we used the spectra at moderate detection sensitivity 
to compare the integrated band intensity of the strongest 
vdW band 6 to that of the 6¿ band and the spectra with 
the highest available sensitivity for the additional compari-
11 19
son of the two weak bands to the 60^ 0 band. The 60^ 5 band 
could not be detected for either C6H6-Ar or C6D6-Ar and 
this is quite in line with the extremely small intensity pre­
dicted by the calculations.
There is reasonable agreement between the observed and 
the predicted intensities. This shows that the two considered 
mechanisms for obtaining transition intensity are the two 
major ones at least for the complex under discussion. There 
seems to be no need to invoke Herzberg-Teller coupling for 
explaining the intensity of the bending fundamentals, as was 
done for the related system of p-difluorobenzene-Ar.12-14 
Furthermore, it also confirms the vibrational character of the 
calculated vdW states. The ratio between the 6¿j¿ band in­
tensity and the t>anc^  intensity is a direct measure of the 
anharmonic mixing (Fermi resonance) between the stretch­
ing fundamental and the bending overtone. Similar mixing 
was calculated for the “Morse” and Brupbacher potentials 
and consequently the two potentials lead to similar predic­
tions for the observable intensity ratios. Both underestimate 
the intensity of the 6 band. What is predicted correctly is 
the increased intensity of the 6¿¿?q ^anc^  m Q D 6-Ar as com­
pared to C6H6-Ar. Since the bending overtone is located at 
higher energy than the stretching fundamental in both isoto- 
pomers and the bending frequency is reduced upon deutera- 
tion more than the stretch, a smaller separation results and, 
therefore, a stronger mixing at the same anharmonic cou­
pling strength. The “global” potential overestimates the rela­
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tive intensity of the 6]0bl bands and thereby the underlying 
state mixing. The correct description should be found some­
where in between these model potentials.
Even with the proper caution needed to interpret the 
difficult-to-determine experimental intensities, one is 
tempted to see too little intensity predicted for the s]/b2 pair 
of states. This would mean that the pure Franck-Condon 
mechanism considered for these Ax states is not sufficient 
and alternate sources of transition intensity have to be exam­
ined. From the calculations it follows that the librational con­
tribution which gives intensity to the bending fundamental 
yields only a small change in the intensities of the transitions 
to the A i states. On the other hand, it seems not unreasonable 
to think that the interactions between the Ar atom and the 
benzene 77-electrons will affect the 7r—>7t* transition dipole 
moment fi0] to some extent. So, in order to obtain quantita­
tively correct intensities for the 6 l0sl0 and 6l0bl transitions, 
we might have to invoke the Herzberg-Teller coupling asso­
ciated with the dependence of /ulq{ on the Ar position as an 
additional source of intensity.
D. Quality of the potential models and implications 
for other systems
In summary, the “Morse” and Brupbacher potentials
both predict the observable vibrational frequencies and the
à  i
corresponding rotational constants very well and seem to 
give a state of the art description of the benzene-Ar vdW 
potential. We can even be quite sure that the overall binding 
energy of the cluster is now safely established. Only the 
anharmonic mixing of states is not yet predicted with the 
desired precision. Future work will have to improve on this 
point. To this end the comprehensive set of data presented in 
this and the preceding paper can serve as a good test ground.
The unambiguously proven assignment of the lowest en­
ergy vdW band as the bending fundamental transition may
lead to a re-evaluation of the spectra observed for similar
i  1
complexes. ’ " Most of the previous determinations of 
bending frequencies probably need correction. This will also 
influence the empirical model potentials which have been 
fitted to the vdW frequencies.
The Coriolis coupling between the A j and A2 substates 
of the 6 ]b l vibronic state will transfer to a Coriolis coupling 
between the x- and y-bending in systems with reduced sym­
metry. The analogous situation has recently been observed 
for the spectrum of C6H5D.42 Neglect of this coupling can 
possibly lead to erroneous interpretation of vibrational fre­
quencies, rotational structures and band intensities. This is in 
particular to be expected if the splitting between the two 
bending states happens to be small.
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